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INTRODUCTION 

Working models o f  coa l  c o n s t i t u t i o n  a r e  impor tan t  because o f  t h e i r  p o t e n t i a l  p r e d i c t i v e  
capac i t y .  A bas i c  approach i s  t o  develop a q u a l i t a t i v e  s t r u c t u r e  o f  coal which can be 
g i ven  subsequent q u a n t i t a t i v e  expression. Wi thout  a model we a r e  faced, as a t  present ,  
w i t h  t h e  prospect  o f  endless r e p e a t  o f  experiments on  a l l  c o a l s  o f  i n t e r e s t .  Wi th  a 
work ing  model, however, exper imenta l  r e s u l t s  on c e r t a i n  c o a l s  under c e r t a i n  c o n d i t i o n s  
can i n  p r i n c i p l e  be genera l i zed  t o  a l l o w  p r e d i c t i o n  o f  p r o p e r t i e s ,  bo th  phys i ca l  and 
chemical, o f  o t h e r  coa ls  o r  t h e  same c o a l s  under un tes ted  c o n d i t i o n s .  T h i s  i s  an 
u l t i m a t e  o b j e c t i v e  o f  deve lop ing  a work ing model o f  coal c o n s t i t u t i o n .  

T r a d i t i o n a l  coal  t e s t s  p r o v i d e  r e l a t i v e l y  l i t t l e  i n s i g h t  i n t o  s t r u c t u r a l  c o n f i g u r a t i o n .  
U l t i m a t e  ana lys i s  w i l l  y i e l d  t h e  elements and t h e i r  p r o p o r t i o n s  b u t  n o t h i n g  o f  t h e i r  
arrangement. The v o l a t i l e s  expe l l ed  d u r i n g  ca rbon iza t i on  may n o t  have been present  
as such i n  t h e  raw coa l .  They can be formed i n  s i t u  by p r imary  o r  secondary r e a c t i o n s .  
The use o f  r e s u l t s  f rom such methods f o r  s t r u z u x a n a l y s i s ,  t h e r e f o r e ,  has always 
been i n d i r e c t  and i n f e r e n t i a l .  

D i r e c t  i n fo rma t ion  on s t r u c t u r e ,  however, i s  ob ta inab le  f rom X-ray s c a t t e r i n g  f rom 
coa ls .  
carbon i s  ordered and e v i d e n t l y  e x i s t s  as f l a t  p l a t e s  o r  l ame l lae  made up o f  condensed 
aromat ic  r i n g s .  
number o f  r i n g s  i n  each l a m e l l a  was rank dependent va ry ing  from 4 o r  5 i n  b i tuminous 
c o a l s  t o  30 o r  more i n  a n t h r a c i t e .  The remainder o f  t h e  coa l  was amorphous t o  X-rays. 

Van Krevelen and co-workers (2)  p r e d i c t e d  phys i ca l  and chemical p r o p e r t i e s  from the  
u l t i m a t e  ana lys i s .  The equat ions were based on t h e  general equat ion f o r  alkanes. 
Ayre and Essenhigh (3 )  c r i t i c i z e  t h i s  approach on two grounds: i t  g i ves  no i n s i g h t  
i n t o  t h e  s t r u c t u r e  i n  coal  and p r e d i c t i o n  o f  t h e  number o f  r i n g s  i n  each o f  H i r s c h ’ s  
l a m e l l a e  showed cons ide rab le  d iscrepancy w i t h  exper imenta l  va lues.  They, i n  t u r n  
proposed a q u a l i t a t i v e  model o f  t h e  coa l  molecule based on t h e  H i r sch  s t r u c t u r e  and 
d e r i v e d  an equat ion r e l a t i n g  t h e  number o f  r i n g s  pe r  l a m e l l a  t o  t h e  t o t a l  carbon 
percentage i n  t h e  coa l .  The q u a n t i t a t i v e  express ion was based on a r e l a t i o n s h i p  
p r e v i o u s l y  proposed by Essenhigh (4 )  between t h e  weight  percent  oxygen and carbon i n  
c o a l .  

I n  t h i s  present  paper t h e  e s s e n t i a l  f e a t u r e s  o f  t h e  Ayre and Essenhigh ana lys i s  a re  
used b u t  i n c o r p o r a t i n g  an improved r e l a t i o n s h i p  between t h e  hydrogenlcarbon and oxygen/ 
carbon atomic r a t i o s  i n  c o a l .  

Dur ing such experiments H i r s c h  ( l ) ,  f o r  example, found t h a t  up t o  80% o f  t he  

By measuring t h e  d iameters o f  t h e  l a m e l l a e  H i r sch  est imated t h a t  t h e  

QUALITATIVE MODEL 

The s t r u c t u r e  o f  coa l  proposed by Ayre and Essenhigh i s  an e l a b o r a t i o n  o f  t h a t  described 
by H i r s c h .  
ordered carbon as condensed aromat ic  l ame l lae  p l u s  a f i x e d  q u a n t i t y  o f  amorphous ma te r ia l  
s i t u a t e d  around t h e  edges o f  t he  lamel lae.  
f i x e d  carbon, and t h e  amorphous m a t e r i a l  as v o l a t i l e  m a t t e r  as measured by prox imate 
a n a l y s i s .  Each c r y s t a l l i t e  may c o n t a i n  a s i n g l e  l a m e l l a  o r  groups o f  two, three,  o r  
more l ame l lae  stacked p a r a l l e l  w i t h  each o t h e r .  

The b a s i c  u n i t  i s  considered t o  be t h e  c r y s t a l l i t e  which con ta ins  a l l  t h e  

The l a m e l l a  carbon i s  l o o s e l y  i d e n t i f i e d  as 

The amorphous m a t e r i a l  which i s  weakly 
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bonded t o  the  ,edges o f  t h e  lamel lae,  p o s s i b l y  by double o r  t r i p l e  bonds, prov ides f o r  
some cross l i n k i n g  between lamel lae.  A f r a c t i o n  o f  t h e  amorphous m a t e r i a l ,  however, 
i s  considered t o  be  more c l o s e l y  assoc ia ted  w i t h  t h e  l ame l lae  than t h e  r e s t  and can be 
thought  o f  as an i n t e g r a l  p a r t  t h e r e o f ,  so each l a m e l l a  con ta ins  some hydrogen, oxygen 
and n i t r o g e n  (and p o s s i b l y  s u l f u r ) .  
l a m e l l a  w i t h  a f i x e d  q u a n t i t y  of assoc ia ted  v o l a t i l e  ma t te r .  

According t o  t h e  X-ray r e s u l t s  t h e  percentage o f  ordered carbon, t h e  number o f  r i n g s  
per l ame l la  and t h e  degree o f  p a r a l l e l  s t a c k i n g  o f  t h e  l ame l lae  i nc rease  w i t h  rank.  
A t  low carbon percentages t h e  coa l  i s  h i g h l y  porous, t h e  number o f  r i n g s  per  l ame l la  
i s  low, and t h e  l ame l lae  a r e  randomly ordered. As t h e  carbon percentage r i s e s  t h e  
p a r a l l e l  pack ing o f  t h e  l ame l lae  improves and bo th  t h e  number o f  r i n g s  pe r  l a m e l l a  
and t h e  f r a c t i o n  o f  carbon i n  r i n g s  increase.  A t  89% C what H i r sch  descr ibed as a 
p e r f e c t  " l i q u i d "  s t r u c t u r e  i s  reached where t h e  c r y s t a l l i t e  packing i s  an optimum b u t  
a l a r g e  f r a c t i o n  o f  t h e  i n t e r n a l  pore volume i s  i s o l a t e d .  A f u r t h e r  i nc rease  i n  rank 
leads t o  a more r a p i d  i nc rease  i n  t h e  number o f  r i n g s  per  l ame l la  and a g r e a t e r  f r a c t i o n  
o f  ordered carbon. 
w i t h  rank a r e  i l l u s t r a t e d  i n  F i g u r e  1.  
t h e  open s t r u c t u r e  i n t o  t h e  a n t h r a c i t i c  s t r u c t u r e .  

The coal  molecule i s  thus based on t h e  s i n g l e  

A t  94% C t h e  s t r u c t u r e  i s  almost p e r f e c t l y  g r a p h i t i c .  The changes 
C o a l i f i c a t i o n  i s  t h e  process o f  t ransforming 

TWO-COMPONENT HYPOTHESIS 

C l a r k  and Wheeler ( 5 )  i d e n t i f y  two main stages o f  v o l a t i l e  e v o l u t i o n  when coa l  is  
heated: t h e  c o n s t i t u e n t s  e a s i l y  evolved on hea t ing  t o  650°C (hydrocarbons, gases, 
vapors, t a r s ) ;  and, t h e  v o l a t i l e s  l e s s  e a s i l y  evolved on hea t ing  above t h i s  c r i t i c a l  
temperature (ma in l y  hydrogen w i t h  reduced q u a n t i t i e s  o f  carbon bear ing  m a t e r i a l s ) .  
e a s i l y  evolved v o l a t i l e s  can be considered as being generated from t h e  weakly bonded 
amorphous m a t e r i a l  around t h e  edges o f  t h e  lamel lae.  The hydrogen r i c h  f r a c t i o n  i s  
evolved as a r e s u l t  o f  r i n g  coalescence. The two components a re  thus  i d e n t i f i e d  as: 
t h e  l o o s e l y  associated amorphous m a t e r i a l ;  and t h e  l ame l lae  o f  condensed r i n g s  and 
r e l a t e d  0 and H atoms. 

The 

QUANTITATIVE EXPRESSION 

Ayre and Essenhigh ( 3 )  es tab l i shed  f i r s t  a genera l  equat ion f o r  t h e  condensed aromatic 
r i n g  s t r u c t u r e .  The number o f  carbon atoms, C , i n  a condensed aromat ic  s t r u c t u r e  
c o n t a i n i n g  R r i n g s  was shown ( 3 )  t o  be g i ven  bb 

CL = 4 + 3R 1) 

and t h e  number o f  hydrogen atoms HL f o r  a s t r u c t u r e  w i t h  N double bonds i s  

HL = 10 + 4R - 2N 2)  

Equations (1)  and ( 2 )  a r e  based on naphthalane, and assume r i n g  a d d i t i o n  so as t o  
minimize carbon atom a d d i t i o n .  As an example 

Some o f  t h e  double bonds may be 
t h a t  remain unsaturated 

HL = 10 + 4R - 2nN 

10 + 4R - 4n (R - 1 )  

R = 4 , N = 7  
C = 16 

Hk = 12 

s a t u r a t e d  by hydrogen atoms. I f  n i s  t h e  f r a c t i o n  

3) 
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Equat ion ( 3 )  i s  an approx imate express ion r a r e l y  i n  e r r o r  by more than 2 .  
gen/carbon r a t i o  i n  t h e  l a m e l l a e  i s  t h e r e f o r e  

The hydro-  

HL/CL = [ lo  + 4n + 4(1-n)R] / (4  + 3R) 4 )  

Oxygen and n i t r o g e n  have been omi t ted  from t h e  a n a l y s i s  s i n c e  t h e i r  p r o p o r t i o n s  o f  
atoms a r e  smal l .  

WHOLE COAL ANALYSIS 

The n e x t  s tep i s  t o  express t h e  hydrogen/carbon r a t i o  i n  t h e  l ame l lae  i n  terms o f  
measurable q u a n t i t i e s .  
Essenhigh showed t h a t  

I d e n t i f y i n g  t h e  l a m e l l a  carbon as f i x e d  carbon, Ayre and 

mHHL/mcCL = ( l O O / C * ) - l  - (O*/C*) 5) 

where C* and 0" a r e  we igh t  pe rcen t  carbon and oxygen; and m 
weights  o f  hydrogen and carbon.  
oxygen on a weight  bas i s .  

To proceed i t  i s  necessary t o  e s t a b l i s h  r e l a t i o n s h i p s  between C*, H*, and O*. 
N* and S* are u s u a l l y  r e l a t i v e l y  smal l  we have 

C* + H* + O* -- 100 6 )  

I n  a d d i t i o n ,  an e m p i r i c a l  l i n e a r  r e l a t i o n s h i p  between (O/H) [=(O/C)/(H/C)] and ( O K )  
was es tab l i shed  by Essenhigh and Howard (6)  t h a t  was r e c e n t l y  recon f i rmed  by Yarzab 
( 7 )  us ing  the  Penn S t a t e  Coal Ana lys i s  Data bank. 
n o t i n g  t h a t  t h e  c o r r e l a t i o n  c o e f f i c i e n t  f o r  t h e  p l o t  was 0.9889. The f u r t h e r  r e l a t i o n -  

and m a r e  molecular  
I t  i s  no t  p o s s i b l e  t o  n e g l u c t  t h e  Percentage o f  

S ince 

Th is  i s  i l l u s t r a t e d  i n  F i g .  2, 

s h i p  t h a t  f o l l ows  i s  

H*/C* = A(O*/C*)/[l + B(O*/C*)] 

where A and B are e m p i r i c a l  cons tan ts  with: 
( s l o p e  o f  Fig. P l i n t e r c e p t  o f  F ig .  2 ) .  

7 )  

A = l / ( i n t e r c e p t  o f  F i g .  2);  and B = 

I n  u s i n g  such da ta  t h e r e  i s  o f t e n  concern expressed t h a t  these a r e  whole coa l  analyses 
which ignores maceral c o n s t i t u e n t s .  
has shown r e c e n t l y ,  on a somewhat s i m i l a r  p l o t ,  t h a t  maceral analyses l i e  on an essent- 
i a l l y  

It i s  now poss ib le  t o  s o l v e  f o r  O*/C* as a f u n c t i o n  o f  C*. 
t h e  number o f  r i n g s  pe r  l ame l la ,  R and t h e  t o t a l  carbon percentage, C* i s  ob ta ined  
by combining equat ions ( 4 )  and ( 5 )  

[ l o  + 4n + 4(1-n)R]/[12(4 + 3 R ) ]  = (lOO/C*) - 1 - (O*/C*) 8 )  

Using equations ( 6 ) ,  ( 7 )  and (8), t h e  va lue o f  R as a f u n c t i o n  o f  C* i s  i l l u s t r a t e d  
i n  F igu re  4 f o r  va r ious  va lues o f  n. 
i s  f o r  n = 0.6, suggest ing t h a t  between h a l f  and t h r e e  q u a r t e r s  o f  t h e  double bonds 
remain unbroken. 

As i l l u s t r a t e d  i n  F i g .  3, however, Kessler (8)  

common band, thus  j u s t i f y i n g  t h e  use o f  whole coal  analyses as i n  Eq. ( 7 ) .  

The r e l a t i o n s h i p  between 

The bes t  f i t  l i n e  t o  H i r s c h ' s  exper imenta l  da ta  

The molecular  weight  o f  t h e  lamel lae,  tqL i s  t hen  g i v e n  by 

ML = [ l o o  Inc ( 4  + 3R)]/C* 
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and i s  shown i n  F igu re  5 f o r  t h e  case n = 0.6. 
coal  "molecule", M i s  g iven by 

Also, t h e  molecular  weight  o f  t h e  

M = ML C*/CL* 10) 

and i s  shown i n  F i g u r e  5, u s i n g  f o r  values o f  C * t h e  f i x e d  carbon percentages from 
H i r s c h ' s  o r i g i n a l  data. The minimum i n  t h e  whoie coa l  molecular  we igh t  i s  a l i t t l e  
unexpected. Walker ( 9 )  has suggested i t  rep resen ts  t h e  i n c r e a s i n g  c o n t r i b u t i o n s  o f  
t h e  g rea te r  oxygen percentage i n  t h e  l i g n i t e s .  

DISCUSSION 

F igu re  4 shows t h a t  t h e  p r e d i c t e d  behavior  p a r a l l e l s  t h e  experimental t rends .  
p a r t i c u l a r ,  choosing n = 0.6, agreement between p r e d i c t i o n  and exper iment  i s  respec t -  
ab le  good. Below about 80% carbon t h e  va lue  o f  R i s  cons tan t ,  and tends t o  i n f i n i t y  
a t  100% carbon. 
The r i s e  i n  t h e  carbon percentage as c o a l i f i c a t i o n  proceeds can o n l y  occu r  if a 
f r a c t i o n  o f  t h e  pr imary coa l  m a t e r i a l  i s  e l i m i n a t e d  (by  c o a l i f i c a t i o n  as a l ong  te rm 
chemical r e a c t i o n ) .  
reorganized so t h a t ,  as proposed b y  Ayre and Essenhigh (3 )  

I n  

Th is  can be exp la ined  by cons ide r ing  t h e  process o f  c o a l i f i c a t i o n .  

It i s  reasonable t o  assume t h a t  t h e  f r a c t i o n  t h a t  remains i s  

p r imary  coa l  m a t e r i a l  -+ l a m e l l a  -+ m a t e r i a l  e l im ina ted .  

I f  t h i s  i s  so, raw coa l  w i l l  c o n s i s t  o f  t h e  l a m e l l a  w i t h  i t s  c l o s e l y  assoc ia ted  f r a c t i o n  
o f  hydrogen, carbon, and n i t r o g e n  p l u s  some unchanged pa ren t  m a t e r i a l .  I f  t h e  unchanged 
parent  m a t e r i a l  i s  i d e n t i f i e d  as t h e  amorphous m a t e r i a l  surrounding t h e  l ame l lae ,  then 
t h i s  m a t e r i a l  con ta ins  a l l  t h e  v o l a t i l e  carbon. A p l o t  o f  f i x e d  carbon versus v o l a t i l e  
carbon (F igu re  6) i s  i n d i c a t i v e  o f  t h e  growth o f  l ame l lae  a t  t h e  expense o f  t h e  parent  
m a t e r i a l .  A t  about 90% f i x e d  carbon t h e  pa ren t  m a t e r i a l  has run  o u t  so t h a t  c o a l i f i c -  
a t i o n  can o n l y  con t inue  a t  t h e  expense o f  t h e  l ame l lae ,  which coalesce. 
s i s t e n t  w i t h  Hor ton ' s  (10)  two stage theo ry  o f  c o a l i f i c a t i o n .  

As t h e  number o f  l a m e l l a e  increases,  t h e  p r o p o r t i o n  o f  assoc iated pa ren t  m a t e r i a l  w i l l  
drop so t h e  molecular  weight  o f  t h e  coa l  molecule w i l l  drop s l i g h t l y  as t h e  carbon 
percentage increases.  A t  about  90% carbon, however, r i n g  coalescence occurs and t h e  
molecular  weight  w i l l  r i s e  r a p i d l y .  These tends a r e  i l l u s t r a t e d  i n  F i g u r e  5. 

The model i s  intended, o f  course, as a f i r s t  s tep  i n  a f u l l  model o f  coa l  s t r u c t u r e .  
It i s  c l e a r l y  l a c k i n g  i n  t h a t  n i t r o g e n  and s u l f u r  a r e  miss ing.  I t i s  a l s o  n o t  y e t  
a b l e  t o  p r e d i c t  t h e  degree o f  d e t a i l  on p y r o l y s i s  descr ibed,  f o r  example, by Suuberg 
-- e t  a1 (11) .  
however, i s  encouraging and suggests t h a t  t h e  model i s  probably  adequate as a frame- 
work o r  ske leton f o r  f u r t h e r  developments. 

SUMMARY 

1. 
condensed aromatic r i n g s  o f  carbon p l u s  a f r a c t i o n  o f  l o o s e l y  assoc ia ted  v o l a t i l e  
ma t te r .  

2. The model descr ibed i s  i n  agreement w i t h  t h e  X-ray data,  showing t h a t  t h e  number 
of r i n g s  per  l ame l la  i s  constant  a t  4 o r  5 up t o  about 90% carbon above which it r a p i d l y  
r i s e s  wi th  rank. 

3. The model shows t h a t  t h e  molecular  we igh t  o f  t h e  coa l  molecule drops s l i g h t l y  as 
t h e  carbon percentage r i s e s  t o  90% above which i t  r i s e s  r a p i d l y  w i t h  rank.  

Th is  i s  con- 

The i n i t i a l  agreement between theo ry  and t h e  X-ray r e s u l t s  o f  experiment, 

X-ray data suggest t h a t  t h e  coa l  molecule may be viewed i n  terms o f  a l a m e l l a  o f  
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4. The lame l la  carbon i s  i d e n t i f i e d  as t h e  f i x e d  carbon and t h e  amorphous m a t e r i a l  
as t h e  v o l a t i l e  ma t te r  as determined b y  t h e  prox imate a n a l y s i s .  

5. 
and t h e  Two-Stage Theory o f  c o a l i f i c a t i o n  (10 ) .  
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Figure 1 - Coal S t ruc ture  a s  a Fminction o f  Rank  
(source: Hirsch ( 1 ) )  
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Figure 2 - Variation o f  ( O / C )  / ( H / C )  with (o /C)  atomic r a t i o s  
f o r  various coals.  (Source: Yarzab, ( 7 ) ) .  
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Atomic r a t i o .  C / ( H  + 0) 

Fjgure 3 - V a r i a t i o n  o f  C/H r a t i o  w i t h  C/(H + 0) r a t i o  
f o r  var ious macerals. (Source: Kessler, (8)) 
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Figure 4 - Var ia t ion  o f  number o f  r ings  per lamel la w i th  
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Figure 5 - Variation o f  molecular weight o f  lamella and coal 
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Figure 6 - Relation between lamella growth and decay o f  parent 
material. (Source: Ayre and Essenhigh, (3)) 

131 


